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This  paper  present  a  speed  hybrid  fuzzy-sliding  mode  control  (HFSMC)  of  a 
permanent  magnet  synchronous  motor  (PMSM)  to  ensure  the  traction  of  an 
electric  vehicle;  at  the  first  we  applied  the  sliding  mode  control  (SMC)  with 
three  surfaces  on  the  PMSM  by  taking  into  account  the  dynamics  of  the 
vehicle;  And  afterwards  we  applied  the  fuzzy- sliding  mode  in  which  the 
surface  of  the  speed  is  replaced  by  a  Fuzzy-PI  controller;  Simulation  under 
Matlab/Simulink  has  been  carried  out  to  evaluate  the  efficiency 
and  robustness  of  the  proposed  control  on  a  system  drive.  It  should  be  noted 
that  the  reference  speed  is  the  European  urban  driving  schedule  ECE-15 
cycle. 
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1.  INTRODUCTION 

Due  to  the  increasing  requirements  with  regard  to  introducing  environmental -friendly  vehicles  and 
electrification  of  vehicle  systems,  much  research  on  electric  vehicles  has  been  carried  out  [1].  In  particular 
control  system  as  electric  vehicle's  brain  which  is  a  very  important  part  of  the  whole  system  and,  to  a  great 
extent,  determines  the  entire  vehicle  performance,  as  it  is  the  key  to  improve  motor  efficiency,  in  this  context 
a  Permanent  magnet  synchronous  motor  has  been  adopted  as  the  electric  vehicle  (EV)  propulsion. 

Permanent  magnet  synchronous  motors  (PMSMs)  have  extensive  industrial  applications  including 
electric  vehicles,  robotics,  and  wind  energy  conversion  systems  [2] -[4].  This  can  be  attributed  to  desirable 
performance  characteristics  including  high  power  density,  high  torque  to  weight  ratio,  high  reliability  and 
high  efficiency  [2].  Many  control  techniques  for  PMSMs  have  been  developed  in  literature  studies.  While  the 
PI  controller  is  still  a  popular  choice  due  to  its  simplicity  and  ease  of  implementation,  it  does  not  take 
disturbances  and  uncertainties  into  account,  leading  to  poor  performance  [5]. 

It  is  difficult  to  attain  the  high  performance  control  of  PMSM  with  the  conventional  linear  control 
methods  like  PI  control  algorithm.  Nonlinear  and  robust  control  methods  with  the  ability  to  reject 
disturbances  have  been  applied  to  improve  the  performance  of  PMSM  drives.  One  such  method  is  sliding 
mode  control  (SMC)  [6],  fuzzy  logic  control  (FLC)  [7].  Hco  robust  control  methods  have  been  applied 
in  [8]-[9].  Model  predictive  control  [10]  have  also  found  applications.  Additionally,  intelligent  control 
methods  have  utilized  [11].  Sliding  mode  control  is  a  popular  control  due  to  its  ability  to  reject  internal 
parameter  variations  and  external  disturbances.  SMC  has  found  extensive  applications  in  the  areas  of  power 
electronics  and  electric  machines  [12].  Consequently,  SMC  has  been  widely  and  successfully  applied  into 
the  position  and  velocity  control  of  PMSM.  However,  SMC  has  its  own  disadvantage,  i.e.,  chattering 
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phenomenon,  which  originated  from  the  interaction  between  parasitic  dynamics  and  high  frequency 
switching  control  [13].  In  order  to  avoid  the  phenomenon,  a  control  method  was  proposed  to  reduce  or 
completely  eliminate  the  chattering,  such  as  a  hybrid  fuzzy  sliding  mode  control  (HFSMC).  The  hybrid  fuzzy 
sliding  mode  control  [14]  is  one  of  the  most  common  controls  associated  two  techniques:  fuzzy  control  [15] 
and  sliding  mode  [16]  to  exploit  the  advantages  of  both  techniques  at  the  same  time,  to  limit  the 
disadvantages  of  regulation  by  conventional  adjustment  algorithms  and  to  improve  the  performance  of  the 
controller  system  (stability,  accuracy,  speed,  robustness,  etc.). 

In  this  paper,  the  surface  of  speed  is  substituted  by  a  fuzzy-PI  controller  to  obtain  a  robust 
performance.  One  part  of  the  equivalent  control  (SMC)  and  part  of  fuzzy  logic  control  (FLC)  are  contained  in 
this  hybrid  control  (HFSMC).  The  reminder  of  this  paper  is  organized  as  follows:  section  2  reviews  the 
principle  components  of  the  traction  system  and  their  model  equations.  Section  3  shows  the  development  of 
sliding  mode  controllers  for  electric  vehicle  motorization.  Section  4  shows  the  proposed  fuzzy-sliding  mode 
control  law  model  to  remedy  the  chattering  phenomena.  The  proposed  structure  of  the  studied  propulsion 
system  is  given  in  the  section  5.  Section  6  a  simulation  results  verify  the  validity  of  the  proposed  method  of 
control.  Finally  the  conclusion  is  drawn  in  section  7. 


2.  ELECTRIC  VEHICLE  TRACTION  SYSTEM  MODELING 

Explaining  this  part  is  devoted  to  the  dynamics  of  the  electric  vehicle  and  the  different  components 
on  board  the  vehicle  and  their  equations  models.  Figure  1  represents  a  diagram  of  an  electric  traction  system. 


Figure  1.  Block  diagram  of  Electrical  Traction  System 


2.1.  Vehicle  Dynamics 

In  this  work  the  proposed  control  strategy  takes  into  account  the  dynamic  vehicle,  so  the  first  step 
in  vehicle  performance  modeling  is  to  write  an  electric  force  model.  This  is  the  force  transmitted  to  the 
ground  through  the  drive  wheels,  and  propelling  the  vehicle  forward.  This  force  must  overcome  the  road  load 

and  accelerate  the  vehicle  [17].  Consider  a  vehicle  of  mass, proceeding  at  a  velocity  v ,  up  a  slope  of 

F 

angle  a  ,  as  in  Figure  2.  The  force  propelling  the  vehicle  forward  1 ,  the  tractive  effort,  has  to  accomplish 
the  following  [19]-[21]: 

a.  Overbear  the  rolling  resistance; 

b.  Overbear  the  aerodynamic  drag; 

c.  Provide  the  force  needed  to  overcome  the  component  of  the  vehicle’s  weight  acting  down  the  slope; 

d.  Accelerate  the  vehicle,  if  the  velocity  is  not  constant. 

The  elementary  equation  describing  the  longitudinal  dynamics  of  a  vehicle  in  the  road  is  in  the  following 
form: 


m  -v(t)  =  Fi{t)-(Fsl(t)+Firft)+Fc(m 

ut 


(1) 
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Figure  2.  Block  diagram  of  the  forces  acting  on  the  vehicle 


2.1.1  Rolling  Resistance  Force 

The  rolling  resistance  force  is  related  to  the  mass  of  the  vehicle  mv,  the  gravitational  accelerationg 
and  the  rolling  coefficient  of  the  wheels.  Practically,  with  modern  tires  with  very  low  rolling  resistance,  the 

C 

coefficient  of  rolling  resistance  n'  is  equal  to  About  0.01  (about  0.015  for  conventional  tires)  [19].  This 
coefficient  depends  on  the  width  of  the  Tires  and  road  surfacing.  Consequently,  the  rolling  resistance  force  is 
equal  to  [18]: 

F„  =  C„  -i-COSfff  )  (2) 

2.1.2  Aerodynamic  Resistance  Force 

The  aerodynamic  resistance  force  is  proportional  to  the  density  of  the  air  ■’ '  ,  to  the  square  of  the 

■  y  A 

vehicle  speed  v  and  to  the  wind  speed  0 ,  to  the  frontal  surface  of  the  vehicle  1  and  its  coefficient  of 

C 

penetration  into  the  air  which  takes  values  d  [0.25-0.5]  according  to  the  forms  of  body.  Its  expression  is 
given  by  the  following  relation  [18]. 

F„4m,C„<v-v»>‘ 

2.1.3  Force  of  Gravity  (Hill  climbing  force) 

The  gravitational  force  is  induced  by  gravity  when  driving  on  a  non-horizontal  road  depends  on  the 
slope  of  the  road.  According  to  Figure  2,  the  force  is  positive  when  the  vehicle  is  traveling  up  and  negative 
when  on  a  descent.  It  is  modeled  as: 


F(  =  .g.sin(a) 

2.1.4  Acceleration  Force 

p 

The  force  due  to  the  acceleration  ensures  the  dynamic  behavior  desired  by  the  driver.  This  force 
is  obtained  by  the  product  between  the  vehicle  mass  and  the  acceleration  imposed  by  the  driver  [22] . 


="vAv<0 

dt  (5) 

2.1.5  Total  Traction  Effort 

The  traction  force  in  an  electric  vehicle  is  supplied  by  the  electric  motor  in  overcoming  the  road 
load.  The  Equation  of  motion  is  given  by: 


m,  =  Ft  -(F„  +  F„,  +  F  ) 

dt  '  (6) 

2.1.6  Gear 

The  speed  gear  ensures  the  transmission  of  the  motor  torque  to  the  driving  wheels.  The  gear  is 
modeled  by  the  gear  ratio  i,  the  transmission  efficiency  and  its  inertia.  The  mechanical  Equation  is  given 
by  [22]: 
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The  following  Equation  is  derived  due  to  the  use  of  a  reduction  gear. 


=  j 

- 1™  J-7, 


The  load  torque  in  the  motor  referential  is  given  by  : 

c=c^=r  (F+F^+p) 

The  vehicle  global  inertia  moment  in  the  motor  referential  is  given  by: 


(7) 


(8) 


(9) 


i  1  R*,t  s\ 


(10) 


If  the  adhesion  coefficient  of  the  road  surface  is  high,  then 


A 


is  usually  low  and  can  be  neglected. 


2.2.  Mathematical  model  of  the  PMSM 

In  this  work  we  use  a  three  phase  induction  motor  type  PMSM  In  the  stationary  (d-q)  reference 
frame,  the  mathematics  mode  of  permanent-magnet  synchronous  motor  is  shown  as  below  [23] -[25]: 


.  P(Ld 

w  = - 


Lq  .  I  ,  . 

+  -r-v<»,lq+— ud(a> 

Ld  Ld 

Lj  „  p^f  1 

P",'j - H®'  +  ~  <Mb) 


I., 


LJid+PVr.  1^.  I’ 


,1 


<t-TCr-Tfl>r^ 


J  f  J 


(ID 


Withes  :  Stator  resistance,  ^  d  and  q  axis  stator  inductances  :  Permanent-magnet  flux 

linkage,  lj  ’  1‘> :  Stator  currents  11,1 ,  Uq :  Stator  voltages,  <i>r :  Speed  mechanic,  1 :  Moment  of  inertia,  1  : 

Coefficient  of  viscous  friction,  P  :P  Number  of  pole  pairs, f :  Load  torque.  Several  types  of  batteries  can  be 
distinguished,  but  for  the  current  electric  vehicles,  lithium-ion,  lead-acid  and  nickel-cadmium  batteries  are 
frequently  used  .  In  this  section,  we  will  be  interested  in  storage  systems  based  on  Li-ion  batteries  [26]. 


3.  SLIDING  MODE  CONTROL  DESIGN  FOR  PMSM 

Sliding  mode  control(SMC)  is  a  nonlinear  control  method  that  has  become  popular  due  to  its 
inherent  robustness,  flexibility  of  design,  and  relative  ease  to  implement  with  microprocessors.  Sliding  mode 
control  utilizes  a  discontinuous  control  approach  that  rapidly  switches  from  one  continuous  manifold  to 
another,  forcing  the  system  dynamics  to  a  predetermined  location  in  the  state  space  called  the  sliding 
surface  [12].  SMC  has  its  own  disadvantage,  i.e.,  chattering  phenomenon,  which  originated  from  the 
interaction  between  parasitic  dynamics  and  high  frequency  switching  control.  In  order  to  avoid  the 
phenomenon,  several  control  methods  were  proposed  in  the  literature  [14], [27].  Consider  the  nonlinear 
switching  system  multivariable  taking  this  form  [28]: 
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x,n'=f(K,t>  +  g(M).j 


(12) 


Where  1  *  is  state  variable  vector ,  and  ^  K>  ^  are  the  smooth  vector  fields  in  the  space,  and  11  is  the 

discontinuous  control  defined  as  : 


f(x)  = 


lu+,su,t)>o 


(13) 


yf  v  J 

■  ■  Is  known  as  the  sliding  surface  and  is  chosen  so  that  the  state  variables  track  their  desired  trajectories. 


U  and  l  are  either  scalar  values  or  function  of  1  .  A  system  with  this  description  exhibits  sliding  mode 
properties  when  the  reachability,  existence,  and  stability  conditions  are  met.  The  reachability  condition 
ensures  that  the  trajectory  of  the  system  will  approach  and  eventually  reach  the  sliding  surface.  This  can  be 
stated  mathematically 


s(k)s*U)<0 

3.1.  Three  surface  control  strategy 

We  take  the  general  equation  Proposed  by  J.J.Slotine  to  determine  the  sliding  surface  : 


(14) 


(15) 


where: 

c  :  Error  of  the  quantity  to  be  controlled, 

^  ^  :  Vector  of  slopes  of  the  s  , 

■ :  Relative  degree,  equal  to  the  number  of  times  it  derives  the  output  for  the  command  to  appear. 

Once  the  switching  function  is  established  the  problem  of  pursuit  requires  the  design  of  a  control  law  as  the 

state  vector  rest  on  the  sliding  surface  ~~  ^  for  all  t  S  0  Figure  3  shows  scheme  of  the  sliding 

mode  control  of  the  electric  traction  system  using  the  principle  of  the  cascade  control  method,  the  structure 

I  v 

comprises  a  speed  control  loop  which  generates  the  current  reference  gnjl‘  which  imposes  the  control  |,d  , 
the  control  Vjltf  is  imposed  by  the  current  regulation  ljid' . 

3.1.1  Direct  Axis  Control  Design 

Expression  of  current  111  is  given  by  the  Equation  11a:  We  note  that  from  Equation  11a,  the  relative 
level  of  current  1,1  with  the  control  Jd  is  equal  to  one.  So  the  error  variable  is  given  by: 

eJ=  ■"“■*]  (16) 

The  resulting  error  will  be  corrected  by  a  regulator  operating  in  the  sliding  mode  and  the  surface  of  this 
control  is  given  by: 

*i=lirf-]d  (17) 

Therefore  the  derivative  of  the  surface: 

SL=l**r-la  (18) 

Considering  the  expression  of  the  current  Lj  deducted  in  the  equation  system  Equation  11a,  the  derivative  of 
the  surface  becomes: 
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s' 


(19) 


During  the  sliding  mode  we  have  S  ® 


Vi*  =(‘Lr+7i^'7iPHi(lJLd 


UJN  =  KjSLgn(s(iJ) 


(20) 

(21) 


Where:  J  is  positive  gain  for  the  direct  current  regulator. 

3.1.2  Quadrature  Axis  Control  Design 

Expression  of  current  1(1  is  given  by  the  Equation  lib.  The  value  of  lqrel'in  the  output  of  the 
speed  controller  is  compared  with  that  measured.  The  resulting  error  will  be  corrected  by  a  regulator 

U  U 

operating  in  sliding  mode.  Then,  following  the  same  previous  procedure,  we  can  calculate  and  '  ■ "  . 
The  surface  of  this  control  is  given  by  the  following  Equation: 


]q 


Its  derivative  is  given  by: 


^2  “  1  qnjf  ™  iq 


Replacing  the  value  H  L  of  Equation  lib  in  Equation  24,  we  obtain: 


*  -  ,  Rs  -  Ld  .  pyr  I  . 

—T  +T\) 

1  Lq  H  Hi 


During  the  sliding  mode  we  have  S  0 


LU  =  (C  +  ^  + 


UqN  =  KysLgn(s(i , )) 


(22) 


(23) 


(24) 


(25) 

(26) 


it  K 

With:  q  is  positive  gain  for  the  quadratic  current  regulator. 

3.1.3  Speed  control 

It  is  noted  that  from  Equation  11c,  the  relative  degree  of  the  speed  with  lq  is  equals  to  one:  In  this 
case,  the  setting  error  is  chosen  as  the  surface: 


s  “®r 


Therefore  its  derivative 


(27) 


^  w  rf  -  w 


(28) 
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By  replacing  Equation  1  lc  in  Equation  20,  we  obtain: 


P&i  “T  qXi+PV'f  .  I  f 

- 1.  +  -Cr  +-tt)r 

J  ^  J  r  J  ■ 


During  the  sliding  mode  we  have  S  *C0'  *  ^ 

,  f  I 

+  j  ®r  +  j  cr 

J  0  v  J 
■qN  =  Knsign(s{fl>r)) 


(29) 


(30) 

(31) 


with  :  1  is  positive  gain  for  the  speed  controller. 


Figure  3. Block  diagram  of  sliding  mode  control  speed  for  an  EV 


4.  FUZZY  SLIDING  MODE  STRATEGY  DESIGN 

Sliding  The  disadvantage  of  sliding  mode  controllers  is  that  the  discontinuous  control  signal 
produces  chattering  dynamics,  for  this  reason  the  combination  of  SMC  with  the  fuzzy  logic  control  (FLC) 
aims  to  improve  the  robustness  and  the  performance  of  controlled  nonlinear  systems  [29],  This  work 
proposes  a  hybrid  fuzzy  sliding  mode  speed  control  that  can  remarkably  attenuate  chattering  and  accurately 
track  the  speed  of  PMSM.  In  this  section,  a  fuzzy- sliding  mode  control  is  developed  in  which  a  fuzzy 
inference  mechanism  is  used.  The  proposed  hybrid  fuzzy-sliding  mode  control  (HFSMC)  scheme  for  electric 
vehicle  (EV)  speed  control  is  shown  in  Figure  4.  The  PI  fuzzy  logic  controller  replaces  the  speed  surface 
sliding  mode.  This  fuzzy-PI  controller  is  a  generalization  of  the  conventional  PI  controller  that  uses  an  error 
signal  and  its  derivative  as  input  signals.  Fuzzy-PI  controllers  have  two  inputs  and  one  output.  The  Pi-fuzzy 

logic  controller  in  Figure  4  is  developed  using  input  membership  functions  for  error  e  and  change  in  error 
and  the  output  membership  function  for  ^  “  ,  the  measured  speed  for  PMSM. 
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de_et  Vi  (33) 

Where  is  the  referenced  or  desired  output  speed  and  Vk'  ■“  is  the  actual  output  speed.  The  block  diagram  of 
the  fuzzy  sliding  mode  control  of  PMSM  is  identical  to  that  shown  in  Figure  3,  replacing  the  speed  SMC 
controller  by  fuzzy  PI  controller,  as  shown  in  Figure  4. 

To  convert  these  numerical  variables  into  linguistic  variables,  the  following  seven  fuzzy  levels  or  sets 
are  chosen  as:  NB  (negative  big),  NM  (negative  medium),  NS  (negative  small),  ZE  (zero),  PS  (positive 
small),  PM  (positive  medium),  and  PB  (positive  big)  as  shown  in  Table  1.  It  is  well  known  as  one  of  the 
disadvantages  of  the  SMC  is  the  Chattering  phenomenon.  In  this  section,  a  fuzzy  logic  control  FLC  is 
introduced  to  replace  the  speed  surface,  such  as  the  state  trajectory  can  reach  and  move  along  the  surface 
change,  a  good  dynamic  steady  state  can  be  achieved  by  the  combination  of  SMC  and  FLC  [30] -[31],  the 
benefits  of  the  proposed  fuzzy  sliding  mode  control  is  verified  by  simulation  results. 


Figure  4.  Block  Diagram  of  Proposed  Fuzzy  Sliding  Mode  Control  Speed 


Table  1.  Seven  Fuzzy  Levels 


e 

de 

NB 

NM 

NS 

ZE 

PS 

PM 

PB 

NB 

NB 

NB 

NB 

NB 

NM 

NS 
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NM 

NS 

ZE 

PS 

NS 

NB 

NB 

NM 

NS 

ZE 

PS 

PM 

ZE 

NB 

NM 

NS 

ZE 

PS 

PM 

PB 

PS 

NM 

NS 

ZE 

PS 

PM 

PB 

PB 

PM 

NS 

ZE 

PS 

PM 

PB 

PB 

PB 

PB 

ZE 

PS 

PM 

PB 

PB 

PB 

PB 

5.  SIMULATION  RESULTS 

In  order  to  characterize  the  vehicle  traction  system  behavior,  simulations  were  carried  out  using  the 
model  of  the  Figure  3  and  Figure  4.  They  show  the  vehicle  speed  control  using  sliding  mode  controllers 
(SMC)  and  fuzzy  sliding  mode  controllers  (FMSC).  Figure  5  show  the  linear  speed  of  the  vehicle. 


Figure  5. Linear  speed  of  Vehicle 


It  should  be  noted  that  the  simulation  run  under  European  urban  driving  cycle  ECE-15,  during  this 
cycle  three  trapezoids  speed  (9  km/h,  19  km/h,  30  km/h)  shall  be  requested  by  the  driver.  In  addition  we 
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applied  a  slope  of  10%  between  16s  and  23s.  The  purpose  of  this  simulation  mode  is  to  test  our  control 
technique  through  a  real  driving  cycle. 
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Figure  6.Motor  Speed  (SMC  &  HFSMC) 


The  classical  sliding  mode  control  (SMC)  described  above  is  compared  to  the  proposed  hybrid  fuzzy 
sliding  mode  control  law  (HFSMC).  Figure  6  shows  the  vehicle  speed  response  in  tow  cases  (SMC  and 
HFSMC).  From  Figure  6  and  Figure  7  the  dynamic  behaviour  of  the  SMC  and  HFSMC  differ.  In  Figure  6a 
the  rotation  speed  of  the  motor  can  rapidly  track  the  reference  rotation  speed,  but  this  control  commutes  very 
rapidly  between  its  two  limits,  which  influences  the  total  control  of  the  vehicle,  a  relatively  large  sliding 
surface  is  observed  which  causes  fluctuations  in  the  response  of  the  system  and  a  considerable  tracking  error 
Figure  7a  It  is  the  phenomenon  of  chattering.  In  Figure  6b  the  hybrid  fuzzy  sliding  mode  control  act 
immediately  on  the  speed  loop  by  a  considerable  reduce  of  the  chattering  phenomenon  and  the  tracking  error 
Figure  7b. 
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Figure  7.  Speed  Tracking  Error  (SMC&  HFSMC) 


IJPEDS  Vol.  8,  No.  3,  September  2017  :  1050-1061 


IJPEDS 


ISSN:  2088-8694 


□  1059 


Figures  8(a)  and  (c)  shows  the  variation  of  electromagnetic  torque  as  load  torque  changes, 
Figures  8(b)  and  (c)  illustrates  the  tow  current  components  quadratic  and  direct  and  show  good  decoupling 
introduced  by  PMSM  control  (the  current  id  =  0),  also  the  magnitude  of  q-axis  current,  iq  is  proportional  to 
the  load  torque.  Figure  9  shows  the  three-phase  current  of  the  stator.  From  Figures  8  and  9  it  can  be  seen 
clearly  the  effectiveness  and  performance  of  the  fuzzy  sliding  mode  control.  It  gives  a  good  performance 
toward  the  future  value  of  speed  without  overflow,  decoupling  and  orientation  are  provided,  the  stator  current 
has  a  sinusoidal,  thus,  a  total  disturbance  rejection  control. 
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Figure  8.  (a)&(c)  Electromagnetic  and  load  torque  in  SMC  and  HFSMC  ,  (b)&(d)  quadratic  and  direct 

currents  in  SMC  and  HFSMC 
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Figure  9. Three  phase  current  is  (SMC  and  HFSMC) 


Figure  10  shows  the  traction  force  of  the  vehicle  and  the  different  load  torques  that  resist  to  the  advancement 
of  the  vehicle  on  a  sloping  road. 


Figure  lO.Traction  force  and  Load  torques 


6.  CONLUSION 

These  studies  demonstrate  the  robustness  and  the  dynamic  performance  of  the  electric  vehicle  using 
hybrid  fuzzy  sliding  mode  control  (HFSMC).  Furthermore  it's  to  improve  control  robustness  and  establish  a 
bridge  between  fuzzy  logic  and  sliding  mode.  The  proposed  hybrid  FSMC  simulation  results  show  that  the 
proposed  controller  overcomes  the  chattering  phenomenon  in  the  sliding  mode  control  and  the  shortage  of 
tools  for  analyzing  the  fuzzy  logic  control  without  forgetting  the  reduction  rules  blurred  to  improve  control 
performance  and  to  reduce  chattering  in  the  sliding  mode.  Moreover  the  proposed  controller  is  robust  in  case 
of  variations  in  the  desired  output  caused  by  propulsion  system  load  variations. 
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